(I.Okajima).
Introduction
Recently recycling of wastes is required strongly from the viewpoint of environmental conservation and effective use of resources. Especially the production techniques of clean and renewable energy resources such as methane and hydrogen gas from waste biomass is attracting much attention for the security of the environmentally friendly energy for next-generation and reduction of the emission of carbon dioxide.
About 4.9 million tons of food wastes (Ministry of Agriculture, Forestry and
Fisheries of Japan, 2005) , which are typical waste biomass, are annually discarded from the food industry in Japan. 73% of the wastes have been used for feedstuff or composting, but the rest has been incinerated by conventional treatments. These treatments have several problems. Food waste from the industry is suitable for feedstuff because the composition of the waste and including nutritive substance are clear.
However this waste is perishable and difficult to store for a long time because of the high moisture and nutritive substance contents. Composting needs long treatment time and the usable season is limited for compost. In addition, salty food waste spoils the compost because of the damage of salt. The incineration for thermal recycling is not easy because this waste includes high content of water.
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Water (critical temperature of 374 o C, critical pressure of 22.1 MPa) at high temperature and pressure condition is a promising benign solvent for the decomposition of organic substances. Recently the gasification of organic wastes using supercritical water above the critical temperature and critical pressure or subcritical water below the critical temperature and equal to or above the vapor pressure of water has attracted much attention to produce hydrogen and methane gases. The advantages of this technique are a high yield of product gas and no need of drying of wet organic wastes.
Hot and compressed water is suitable for the treatment of waste biomass because they contain 10−95 wt% of moisture (Haga, 1999) .
There are several reviews on the supercritical or subcritical water gasification of biomass and their model compounds (Yoshida et al., 2003; Matsumura et al., 2005) . The gasification of glucose, swage sludge and potato waste in supercritical water with carbon catalysis has been investigated by Yu et al. (1993) , Xu et al. (1996) , Xu and Antal (1998) and Antal et al. (2000) . This benign catalyst had the activity to produce 2 L of product gases with 57 vol% hydrogen from a gram of organics at 690 o C and 28
MPa. In the case of nickel catalyst, Minowa et al. (1995 Minowa et al. ( , 1998 reported of the hydrogen production from cellulose using subcritical water and Yoshida et al. (2003) investigated supercritical water gasification of lignin, cellulose, sawdust and rice straw. Minowa et al. 4 (1995 Minowa et al. 4 ( , 1998 mentioned that nickel catalyst accelerated the degradation pathways of sugar to non-sugar aqueous products, gasification and methanation for cellulose decomposition. Furthermore Yoshida et al. (2004) indicated that nickel catalyst was deactivated by tarry products. Kruse et al. (2000) studied the supercritical water gasification of pyrocatechol as a model compound for lignin in the biomass under the presence of potassium hydroxide. They found that the addition of potassium hydroxide increased the yields of hydrogen and carbon dioxide and it decreased the yield of carbon monoxide by the acceleration of the water-gas shift reaction. Furthermore, Schmieder et al. (2000) reported that at 600 o C and 25 MPa model compounds such as glucose and glycine were completely gasified by the addition of potassium hydroxide or potassium carbonate, forming a hydrogen-rich gas containing carbon dioxide as the main carbon compound.
In this work we investigated the applicability of high pressure superheated steam, which is water at above the critical temperature and below the critical pressure, to the gasification of wet waste biomass such as food wastes in order to produce a lot of hydrogen gas. The advantage of this hot and compressed steam over supercritical water was that it reduces reaction pressure without losing the decomposition power of water and produces more hydrogen gas. As target materials, we selected bean curd refuse, strained lees of and barley husk of distilled spirits, and garbage, which are typical food wastes discharged from food industry. They were gasified in high pressure superheated steam using alkali catalyst which had high catalytic activity for the gasification and hydrogen production from other organic wastes such as cross-linked polyethylene (Okajima et al., 2004a ) and pig's excrement (Okajima et al., 2004b) . The influence of the reaction temperature, pressure, time and molar ratio of water to carbon in food wastes on the yields of the product gas was investigated using batch-type reactor. Then the experimental compositions of the product gas were compared with the equilibrium compositions calculated by using the equiTherm program (Scienceware/VHC, 1997) .
Finally the behavior of by-products of ammonia and water-soluble TOC was analyzed.
Experimental
Bean curd refuse, strained lees of and barley husk of distilled spirits, and garbage were used for the high pressure superheated steam gasification. Table 1 shows the composition of food waste samples.
Batch-type reactor was used in this experiment. Figure 1 shows the experimental setup. The reactor (2) was composed of 316 stainless steel tube of 9 cm 3 in inner 6 volume, 12.7 mm in o.d., 2.11 mm thick and 150 mm long. The reactor was placed in a temperature controlled sand bath (1), whose temperature variation of each run was observed to be less than 1 o C. HPLC high-pressure pump (4) was used for feeding the distilled water (6) to the reactor in order to adjust the reaction pressure precisely. The reaction temperature was supposed to be the same temperature of the sand bath and it was measured using a thermometer of K-type thermocouple (T) placed in the sand bath.
The reaction pressure was measured with a digital pressure gauge (P) attached near the reactor.
The experimental procedure was as follows. The sample, catalyst and distilled water were put into the reactor for the gasification of food waste. The loading weights in each run were given in Table 2 . The amount of water present in the reactor, which is given in the last column in the table, was calculated from the water density at the experimental Table 2 . Then the air in the reactor was replaced with argon gas (8). The reactor was sealed and put into the sand bath heated at a reaction temperature. It took about 3 min for the reactor to reach the setting reaction temperature around 700 o C. A small amount of distilled water was added into the reactor using the HPLC high-pressure pump in order to adjust the reaction pressure finally. It took about 2 min for final setting of the reaction pressure. The reaction time "zero" was defined to be the time when the reactor reached a given reaction pressure, because both reaction temperature and pressure were desirable values at this time. As the reaction pressure increased with about 1 MPa than the initial reaction pressure for all experiments, the reaction pressure was assumed to be the initial reaction pressure of the experiment. After a given reaction time, the reactor was taken out of the sand bath and cooled quickly in water to stop the reaction as soon as possible.
After quenching the reactor, the product gas was collected into a gas sampling bag (5) 8 and the volume was measured with a big size of gas syringe. A small quantity of the product gas was analyzed using two gas chromatographs equipped with thermal conductivity detectors: One was GC-8A (Shimadzu Corp.) with 3 mm × 2 m Molecular sieve 5A column and TCD detector using argon carrier gas for the analysis of hydrogen, and the other GC-8A (Shimadzu Corp.) with 3 mm × 2 m Porapak Q column and TCD detector with helium carrier gas for the analysis of hydrocarbons and CO 2 . The liquid and solid products in the reactor were collected with distilled water and filtered. The Guaranteed grade of potassium hydroxide provided by Wako Pure Chemicals Industries, Ltd. was used as a catalyst for gasification. Water, which was deionized, 9 distilled and deaired with nitrogen gas, was used in all experiments.
Results and Discussion

Behavior of gas production
The main reactions of the gasification of waste biomass with water at high temperature and pressure are given by
where [C, H, N, O] means waste biomass consisting of carbon, hydrogen, nitrogen and oxygen atoms. These are the modification of steam reforming of hydrocarbons (Ono et al., 2000) , where nitrogen and oxygen atoms are contained in the reactant.
In the first reaction called water gas reaction, the organic component in the waste biomass decomposes to gaseous products including hydrogen and carbon monoxide. In the second reaction called water-gas-shift reaction, carbon monoxide reacts with water to produce hydrogen and carbon dioxide. In the third reaction called methanation, a part 10 of carbon monoxide reacts with hydrogen to form methane. Furthermore nitrogen gas produced in the reaction (1) may react with hydrogen to produce ammonia in the reaction (4) . The acceleration of the first and second reactions and the suppression of the third and forth reactions were required to increase the hydrogen productivity. This situation was realized at high temperature and low pressure condition from the chemical equilibrium consideration. This was main reason why we used high pressure superheated steam with lower pressure instead of supercritical water with higher pressure.
The influence of the reaction parameters on the gas productivity in the gasification of bean curd refuse using high pressure superheated steam was investigated in the presence of potassium hydroxide catalyst, which had the highest activity for hydrogen production among the catalysts examined in the gasification of pig's excrement (Okajima et al., 2004b) . Figure 2 shows the temperature dependence of the gas productivity at 10 MPa, 30 min and 20 wt% KOH catalyst to the amount of organics in the sample. The y-axis represents the number of moles of the gaseous products from 1 mmol of organic carbon in the sample. Decomposition efficiency of waste biomass (D.E.) was defined by
where W s is the weight of the sample, W w is the weight of water content in the sample, W i is the weight of inorganics, and W r is the weight of the residue.
The decomposition efficiency slightly increased from 96% at 500 o C to 99% at 700 o C.
The yields of hydrogen, methane and carbon dioxide increased with the temperature.
Especially the yield of hydrogen gas drastically increased from 0.56 mmol at 500 Figure 3 shows the temperature dependence of the experimental and calculated compositions of the product gas from bean curd refuse by the gasification with high pressure superheated steam. The equilibrium composition of the product gas was estimated using the computer program of equiTherm (Scienceware/VHC, 1997) . This program calculated the fugacity of each component in the gas phase using ideal gas assumption. In order to check the validity of the assumption, the compressibility factor of each constituent at the reaction temperature and pressure was calculated from a generalized compressibility chart (Poling et al., 2001) . The calculated values were1.0-1.13 for hydrogen, methane and carbon dioxide, and 0.72-0.96 for water. This method can calculate the compressibility factor of nonpolar gases well, but sometimes gives large errors for polar compounds such as water. As the gases had the compressibility factor close to unity, each gas and their mixture could be considered to be ideal gas.
In this calculation, carbon atoms in the organics were completely gasified to carbon dioxide, light hydrocarbons and others. However the real gasification experiment 13 remained carbon atoms as water-soluble TOC and solid residue. Therefore the equilibrium calculation was implemented using the following assumptions:
(1) The target substance was input as the aggregate of C, H, N and O atoms because the structural formulae of the main components of the waste were not clear.
(2) When solid residue was produced in the gasification, the input number of moles of carbon atoms was calculated by the subtracting number of moles of carbon atoms in the residue from that in the target substance.
(3) When water-soluble TOC was remained in the experiment, the same correction was made.
(4) Potassium hydroxide catalyst absorbed the produced carbon dioxide in this experiment. The experimental mole fraction of the product gas was determined under the following condition that the amount of carbon dioxide absorbed in potassium hydroxide was calculated and added to the amount of carbon dioxide in the gas phase.
The calculated equilibrium composition of hydrogen gas agreed well with the experimental results in a wide temperature region. The calculated compositions of methane and carbon dioxide gases agreed with the experimental data until 600 o C and deviated largely at higher temperatures. (1)- (4). When the reaction pressure increases, the progress of the reaction (2) does not change because the total mole number of the products is the same as that of the reactants, and the progress of the reactions (3) and (4) shifts to the product side because the total mole number of the products is smaller than that of the reactants.
As a result, the hydrogen content decreased, methane content increased, and carbon dioxide was constant as the pressure increased. Furthermore the calculated mole fraction of hydrogen agreed with the experimental result well. However, the calculated mole fraction of methane and carbon dioxide had large deviation from the experimental data. Figure 6 shows the dependence of the gas productivity on the reaction time at 700 o C, 10 MPa and 20 wt% KOH catalyst. The decomposition efficiency was more than 98%
16 after 10 min. On the other hand, the productivity of hydrogen, methane and carbon dioxide gases increased, as the reaction time became longer. This was because the time might be required for the decomposition products to change from solid or aqueous to gaseous components. From this figure, the gasification of bean curd refuse was estimated to complete in around 20 min. Figure 7 shows the effect of the molar ratio of water to organic carbon in the sample on the gas productivity at 700 o C and 10 MPa, 20 min and 20 wt% KOH catalyst. The decomposition efficiency was 98-99%. The productivity of hydrogen, carbon dioxide and ethane increased and that of methane decreased a little as the molar ratio of water increased. Excess water promoted the reactions (1) and (2) to produce hydrogen and carbon dioxide, and it accelerated the reaction (3) to shift to the reactant side. Therefore the yield of hydrogen increased and that of methane decreased with an increasing molar ratio of water to carbon atom in the sample.
The gasification of other food wastes was examined using high pressure superheated steam under the same condition to realize the highest hydrogen yield from bean curd refuse. Figure 8 shows the gas productivity of four kinds of food wastes at 700 o C, 10
MPa, 30 min and 20 wt% KOH catalyst to the amount of organics in the sample. All samples were decomposed almost completely and we had a lot of hydrogen gas in the order of 1.99 mmol from barley husk of distilled spirits, 1.95 mmol from bean curd refuse, 1.93 mmol from strained lees of distilled spirits, and 1.80 mmol from garbage for 1 mmol of organic carbon atoms. On the other hand, the number of moles of hydrogen atoms per mmol of carbon atoms in the sample was 1.48 mmol in barley husk of distilled spirits, 1.85 mmol in bean curd refuse, 1.34 mmol in strained lees of distilled spirits, and 1.45 mmol in garbage, where the number of moles of produced hydrogen gas is half the number of moles of hydrogen atoms mentioned just above. Therefore it was found that there was no clear relation between the productivity of hydrogen gas and the content of hydrogen atoms in the sample.
The influence of chlorine atoms in the wastes to the hydrogen productivity was examined. Chlorine atoms reacted with a potassium hydroxide catalyst to produce potassium chloride. The maximum conversion ratios to potassium chloride were 3.0%
for garbage, 1.8% for pig's excrement (Okajima et al., 2004b) , 1.5% for strained lees of distilled spirits, 0.8% for barley husk of distilled spirits, and 0.03% of bean curd refuse.
The hydrogen productivity decreased with about 10%, when the conversion ratio of potassium hydroxide was above 1.8%. This result was supported by the fact that hydrogen yield decreased by about 20% when potassium chloride was used instead of the potassium hydroxide catalyst (Okajima et al., 2004b) .
Behavior of the by-products of ammonia and TOC in water
As all food wastes used included nitrogen atoms, there was a possibility of ammonia formation in the gasification. In addition, some carbon atoms might remain as water-soluble organic carbons. The product yields of ammonia and water-soluble TOC in the waste water were checked in the gasification of bean curd refuse. The yield of ammonia decreased from 83 to 43%, as the temperature increased from 500 to 700 o C. In the gasification of bean curd refuse, complete suppression of ammonia production was difficult even at high temperature condition because there was much hydrogen gas in the reactor. The yield of water-soluble TOC also decreased from 26% at
19 o C to 12% at 700 o C. Complete conversion of carbon atoms to gaseous products such as carbon dioxide or methane was also difficult in this condition. Figure 10 shows the pressure dependence of the product yields of ammonia and water-soluble TOC in the gasification of bean curd refuse at 700 o C, 30 min and 20 wt% KOH catalyst. The yield of ammonia increased drastically with pressure from 43% at 10
MPa to 84% at 30 MPa. The nitrogen and hydrogen, which were formed from the decomposition of the sample, combined and produced ammonia (see the reactions (1) and (4)). The increase in the yield of ammonia was because the reaction (4) and that of water-soluble TOC was 12% at the molar ratio of 20. They were almost constant above the molar ratio of 10. From these results, it was indicated that the yield of ammonia, which was a toxic impurity, increased much at low temperatures and higher pressures.
Conclusions
We investigated the gasification of food wastes using high pressure superheated steam in the presence of alkali catalyst. The following useful results were obtained:
1. Food wastes were decomposed almost completely and about 1.8-2.0 mmol of hydrogen gas was produced from 1 mmol of organic carbon in the waste at 700 o C, 10 MPa, 30 min, 20 of molar ratio of water to organic carbon and 20 wt% potassium hydroxide to the amount of organics in the sample.
2. The production of hydrogen was accelerated by the increase in the temperature, molar ratio of water to organic carbon and by the decrease in the pressure. Chlorine atoms in the wastes reduced the hydrogen production with 10-20%, when it was contained by more than 0.2 wt% in the solid of the waste.
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